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ABSTRACT

In this study, the basis ofresistance of Capsicum annuum 'Criollo de Morelos'
lines 8003 and 8004 to several potyviruses was investigated. In order to evaluate viral

replication in initial sites, PAS-ELISA was carried out in whole-inoculated leaf samples.
In addition, tissue print immunoblot assays were employed to determine if viral coat

protein antigen could be detected in stem sections. The potyviral isolates ofinterest were
PVY-0,PVY-1,2,PVY-TNIOO,TEV-HAT,TEV-CA,TEV-V49,PepMoV-CA,and

PepMoV-Vl 182. Line 8003,8004 and its F1 progeny, 8004-17, exhibited broadspectrum resistance by the lack ofsymptoms and failure to support viral movement into
the vascular system to all isolates of interest except PepMoV-CA. The CA isolate of
PepMoV was able to enter the vascular system and invade young tissues in line 8004 and
8004-17. Line 8003 was unaffected by PepMoV-CA infection. Studies involving initial
inoculated leaves at 7 and 14 dpi revealed the lack of detection ofPVY-0,PVY-TNIOO,
and PVY-1,2 coat protein antigen in initial inoculated leaves up to 14 dpi in lines 8003,

8004, and 8004-17. The TEV isolates HAT,CA,and V49, were typically not detected in
initial inoculated leaves in 8003, 8004, and 8004-17 while PepMoV isolates CA and V-

49 were detected up to 50% ofthe time at 14 dpi in 8004 and 8004-17, with 8003
unaffected.
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CHAPTER 1

LITERATURE REVIEW
INTRODUCTION

The picomavirus supergroup is the largest group of plant viruses and contains
over 180 genera including the Potyviridae(Caranta et al., 1997; Schaad et al., 1997b).
The typical potyvirus genome is comprised ofsingle stranded(+)sense RNA about ten
kilobases(kb)in length. Viral nucleic acid is encapsidated in a coat protein with
filamentous morphology. Potyviruses are the most devastating group of viruses affecting

Capsicum spp.(pepper). Resistant cultivars are the most effective, economical, and
environmentally stable means of managing diseases caused by potyviruses(Caranta et al.,
1999). The use of classical breeding methods to develop resistant cultivars has been

quite successful in peppers, resulting in broad-spectrum resistance to several potyviruses
(Green and Kim, 1994). The most economically important potyviruses affecting pepper
in the United States are potato virus Y(PVY),tobacco etch virus(TEV),and pepper
mottle mosaic virus(PepMoV).

Identifying sources of potyvirus resistance and defining resistance mechanisms
have been of interest to plant virologists and plant breeders. Capsicum annuum L.

'Criollo de Morelos'(CM)lines 8003 and 8004 were generated at the Department of

Plant Breeding at Cornell University as a result of succession studies from the resistant

parent CM 334. The objective ofthis study was to determine the basis ofresistance of
CM 8003 and 8004 to potyvirus isolates, which included PVY,PepMoV,and TEV.

CAPSICUM SmClES

Characteristics ofCapsicum spp.

Capsicum species are members ofthe Solanaceae, which includes tomato, potato,
tobacco, and petunia. The word Capsicum was derived from the Greek root kapto

meaning "to bite". Peppers are native to South America and are shrub-like perennials in
warmer climates(DeWitt and Bosland, 1996). There are 23 different Capsicum species

ranging in pungency from mild to hot(DeWitt and Bosland, 1996). Capsicum annuum is
the most extensively cultivated pepper species in the world(DeWitt and Bosland, 1996).
The specific epithet annuum means armual, although these peppers are perennials in
areas that lack harsh winter climates. The species include cultivars such as bell and

jalapeno peppers. Hot chiles are popular due to their pimgent flavor produced by
capsaicin. Capsaicin causes an intense heat sensation and has been approved by the EPA
as bear sprays, pepper sprays that are commonly used by law enforcement, and as an
insect repellent(Caselton, 2000). Chiles are used as remedies for asthma, blood clots,
shingles, and for lowering cholesterol. The bioflavanoids found in chiles are antiinflammatories(Caselton, 2000). Green bell peppers have twice as much vitamin C as

citrus fruits, red peppers three times as much and some hot peppers contain 357% more
vitamin C than oranges in fresh weight comparison. Vitamin C content is lost in dried

peppers, but vitamin A is increased one hundred-fold (Caselton, 2000). Albert von
Szent-Gyorgyi Nagyrapolt was awarded a Noble Prize in 1937 for isolating and
characterizing ascorbic acid(Vitamin C)from paprika pepper.(The Nobel Foundation,
2000; Bosland, 2000).

Historical Significance

It has been speculated that the earliest chile cultivation occurred between 5200
and 3400 B.C.(Caselton, 2000). Capsicum annuum originated in the Western

Hemisphere and some botanists believe the origin of the first chile pepper was in Central
Bolivia along the Rio Grande(DeWitt and Bosland, 1996). Capsicum annuum.

Capsicum chinense Jacq., and Capsicum baccatum L. share ancestral roots with a
common origin in Colombia(DeWitt and Bosland, 1996). Capsicum annuum seeds were
brought back to the Eastern Hemisphere by Christopher Columbus where they were
cultivated extensively in Portuguese and Spamsh colonies in Africa,India, and Asia

(DeWitt and Bosland, 1996; Feet, 2000; Bosland, 2000). Although peppers are not from
the genus Piper nigrum L.(black pepper), Columbus referred to these plants as red
pepper because they mimicked the pungency of black pepper.(Bosland, 2000).
The Chiltepin pepper is thought to be the common ancestor to most ofthe C.
annuum varieties. The origin of Chiltepin was traced back to the Aztec language in
which it meant "flea chile"(DeWitt and Bosland, 1996). Chiltepin peppers were used by

the Tarahumara people of Chihuahua as spices and for medicinal purposes. Chiltepin

powder was sprinkled on the nipples of nursing mothers to wean babies and as a powder
to induce sneezing during childbirth. In hot weather, the chilies were used to induce

gustatory sweating to cool the body. In Sonoran cuisine, chiltepins were used to preserve
dried meat(DeWitt and Bosland, 1996).

Economic Significance

Pepper production in Tennessee was estimated at 1000 acres annually(Mullins et
al, 1998). During a 1997 pepper production trial in Crossville, TN,bell peppers yielded
15 to 16 tons per acre(Mullins et al, 1998). In a 1992 Southeast regional pepper survey,
Florida had the highest yield ofsweet pepper acreage at 19,554 acres. Texas was second
with 6,464 acres of production, while Tennessee was one ofthe highest pimiento pepper
producing southern states with 264 acres(Feet, 2000). The US state with the largest
production ofchile peppers is New Mexico(O'Connell, 1998). The value of chile
pepper production in New Mexico was over 62 million dollars in 1997 and 58 million
dollars in 1998(The Chile Pepper Institute, 2000).

POTYVmUSES

Potyvirus Taxonomy and Structure

The genus Potyviridae belongs to the picomavirus supergroup and is the largest

group of plant viruses containing over 180 viruses(Caranta et al., 1997; Schaad et al,
1997b). Potyvirus replication occurs by a single open reading frame(ORF), which is

post-translationally cleaved into at least eight functional proteins. Potyviruses replicate in
the host cytoplasm, are membrane-associated, have monopartite genomes and can be
further distinguished by their filamentous rod morphology.

Potyvirus Genome Structure

The potyvirus genome contains a single open reading frame(ORF)that is

processed by host and viral proteases into smaller functional proteins. The proteinase 1
(PI)and helper component proteinase(HC-Pro)aid in polyprotein cleavage. HC-Pro
also interacts with aphid mouthparts to mediate transmission and assists in cell-to-cell
movement. Regional mutations in the HC-protein render the virus incapable oflong
distance movement(Cronin et al., 1995). The function ofthe P3 protein has not yet been
identified, but is proposed to play a role in replication.

The cylindrical inclusion protein(CI)has nucleic acid unwinding abilities and

plays a role in genome replication(Revers et al., 1999; Carrington et al., 1996; Kasschau
et al., 1997). The CI protein also acts as a membrane anchor, stimulates ATPase activity,
and is suspected to aid in cell-to-cell movement(Revers et al., 1999). In the cytoplasm
of infected cells, the CI protein forms pinwheel or cylindrical inclusion bodies. A
mutation in the CI protein resulted in the lack of viral cell-to-cell movement(Camngton
et al., 1998). In this study, viral replication levels with the defective CI protein were at

comparable levels to the susceptible control. As a membrane anchor,the CI was
visualized by immunogold labeling around plasmodesmatal openings and acted to
transfer replication complexes through the plasmodesmata(Revers et al., 1999).

The coat protein(CP)encapsidates viral RNA,mediates insect transmission, and
facilitates cell-to-cell movement. Mutations in the DAG (aspartic acid-alanine-glycine)

tripeptide sequence in the N terminus of the CP prevented aphid transmission (Atreya et
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al., 1995). The role ofthe potyviral CP in aphid transmission is discussed in further
detail below.

NIa and Nib are nuclear inclusion body proteins(NI). The NIa-Pro, or nuclear

inclusion body protein a, is involved in proteolytic cleavage ofthe polyprotein (Li et al.,
1997; Revers et al., 1999). The Nib is the RNA-dependent RNA polymerase(RdRp)

responsible for RNA amplification. Both NIa and Nib contain nuclear localization
signals(NLSs)and are required in the cytoplasm and membrane-bound replication
complexes during proteolytic processing and viral RNA synthesis(Li et al., 1997).
The VPg (viral protein, genome linked)domain ofthe NIa-VPg protein is

required for initiating RNA replication and long distance movement(Masuta et al.,
1999). The VPg, possibly in conjunction with a 5' nontranslated region(NTR),
substitutes the 5'-cap normally found on mRNA. The VPg and the 5' NTR may act as a

translational enhancers for the potyviral genome(Revers et al., 1999; Gallie, 1998).
The functions ofthe 6K1 and 6K2 proteins have not yet been identified but are

speculated to perform roles in RNA replication, inhibition of NIa nuclear translocation,
and anchoring replication machinery to host membranes(Li et al., 1997; Winterhalter,
2000).

Aphid Transmission ofPotyviruses

In both circulative and noncirculative aphid-virus relationships, the capsid protein

plays an important role in transmissibility (Pirone and Blanc, 1996). In noncirculative
plant viruses, virions do not cross a membrane barrier in the vector and viral particles are

associated with the cuticular liners in mouthparts or the alimentary tract(Pirone and

Blanc, 1996). Potyviruses are transmitted in the noncirculative manner with the aid of

helper proteins. Studies involving the serological relationships between the potyviruses
PVY and tobacco vein mottling virus(TVMV)demonstrated that associated helper

proteins were distinct both serologically and by molecular mass for each potyvirus
(Pirone and Blanc, 1996). In some cases, the helper protein of one virus effected the
transmissibility of heterologous viruses(Pirone and Blanc, 1996). Studies involving the

5' region ofthe TEV genome revealed that the helper protein, HC-Pro,encoded both a
proteinase at the C terminus, a helper component at the N terminus and central domain,
and a long distance movement factor located in the central domain (Pirone and Blanc,
1996).

The viral coat protein(CP)is important in aphid transmissibility. A highly

conserved tripepetide sequence(DAG motif)in the N terminus ofthe CP was important

in aphid transmission of many potyviruses(Pirone and Blanc, 1996; Lopez et al., 1999).
Research involving the interactions between the CP and HC-Pro demonstrated that
maximum transmissibility was obtained with homologous CP/HC combinations(Lopez

et al., 1999). Mutations in the N terminal region ofthe CP revealed that this region must
interact with HC-Pro for successful aphid transmission(Lopez et al., 1999).

Potyvirus Replication and Movement

Carrington et al.,(1996)described cell-to-cell movement as a three step process
that included viral genome replication, transport, and movement through the

plasmodesmata. In order for a virus to successfully infect a plant, nucleic acid
exposition, replication, and movement into adjacent tissues is necessary. Movement out
ofan individual cell occurs via the plasmodesmata. The plasmodesma is an intercellular

channel linking adjacent cells and is responsible for cellular communication. These
intercellular channels are membrane-lined pores enclosing the endoplasmic reticulum

(ER)and globular structures, collectively referred to as the appressed ER or desmotubule

(Ghoshroy et al., 1997; Carrington et al., 1996). Carrington and others(1996)proposed
that viral movement occurs in the space between the plasma membrane and appressed
ER,collectively referred to as the cytoplasmic sleeve. Host-virus interactions occur to

support the movement of plant viruses, which alone are too large to move through such
areas. The plasmodesma has been shown to actively transport proteins and proteinnucleic acid complexes(Ghoshroy et al., 1997). In several plant virus groups,the
encapsulated virus particle moves through tubules that span from the cell wall to adjacent
cells(Lazarowitz and Beachy, 1999). To gain access into phloem sieve elements, plant
viruses travel through connected pores derived from the primary plasmodesmata. Since
the sieve elements are void of nuclei, tonoplasts, microtubules, microfilaments and

ribosomes, necessary proteins are imported by companion cells, which are linked to sieve
cells via specialized plasmodesmata(Ghoshroy et al., 1997). The transport of proteins

from companion to sieve cells through the plasmodesmata is thought to be a selective

process as research has shown that not all proteins can cross the compamon-sieve cell
boundary(Ghoshroy et al., 1997).

Evidence for different protein trafficking capabilities between the primary

plasmodesmata and the secondary plasmodesmata were investigated by Itaya et al.
(1998). Upon leaf maturation, the primary plasmodesmata underwent structural
modification resulting in further branching and fusing with neighboring plasmodesmata

intensifying cell-to-cell contact and communication (Itaya et al., 1998). Cucumber
mosaic cucumovirus(CMV)movement protein(MP)interacted with secondary, not

primary, plasmodesmata, which demonstrated that the CMV MP was targeted to the
secondary plasmodesmata(Itaya et al., 1998).

Replication complexes assist in genome amplification and influence the number
and timing of MPs synthesized (Carrington et al., 1996). Movement proteins are
responsible for cell-to-cell and long-distance transport of plant viruses. For some virus
groups, viral encoded MPs bind to the viral genome and interact with the plasmodesmata.
In this type of interaction, the MPs form intercellular tubules through the plasmodesmata
to facilitate viral movement(Lazarowitz and Beachy, 1999). A dedicated MP has not

been identified for potyviruses(Revers et al, 1999, Carrington et al, 1996). The lack of
a dedicated MP indicates that alternate proteins such as the CP,HC-Pro, CI, and VPg,are
associated with cell-to-cell movement. Mutations in the TEV CP revealed that the CP

was required for TEV cell-to-cell movement and virion assembly(Schaad and

Carrington, 1996). Viral encoded proteins required for cell-to-cell movement differs

from proteins required for systemic movement. Amino and carboxyl regions located on
the TEV CP in conjunction with the HC-Pro, are required for long distance movement
but not cell-to cell movement. The HC-Pro binds to the CP to activate transport

complexes capable of systemic movement(Cronin et al., 1995; Carrington et al., 1996).
Tobacco etch virus studies revealed that replication complexes were targeted to the

endoplasmic reticulum (ER), which the ER played a critical role in viral cell-to-cell
movement(Schaad et al, 1997a).

Potyviruses Affecting Capsicum spp.
Potato Virus Y

Potato virus Y(PVY)potyvirus is found worldwide and commonly infects

Solanaceous crops, including Capsicum species. Potato virus Y has a host range of342
different species in 69 genera from 27 families and infection is favored by warmer
climates(Shukla et al, 1994). Aphid vectors and mechanical damage are means of
transmitting PVY in the field. Pepper isolates ofPVY and the potato isolates ofPVY are

genetically distinct resulting in the inability ofthe pepper isolates to infect potato
(Romero et al, 1998). Symptoms on pepper infected with PVY include vein clearing,
necrotic lesions, and mosaic symptoms. The most efficient means of controlling PVY
isolates in pepper include incorporating resistance genes into economically important
cultivars.

Pepper Mottle Mosaic Virus

Pepper mottle mosaic virus(PepMoV)strains can systemically infect some

cultivars of pepper that are otherwise resistant to PVY isolates(Shukla et al, 1994).
PepMoV is serologically distinct from TEV and PVY. Resistance of Capsicum spp. to
10
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PepMoV is often genetically linked to PVY and TEV resistance genes(Muhyi et al.,
1994). Like PVY and TEV,PepMoV is aphid transmitted in a non-persistent manner
with viral acquisition times ranging from minutes to a few hours(Zitter and Ozaki, 1973;

Muhyi et al., 1994; Brunt et al., 1996). Pepper mottle mosaic virus is also transmitted by
mechanical inoculation and grafting(Brunt et al., 1996). Typical symptoms produced by

PepMoV on susceptible Capsicum spp. include severe mottling, stunting, leaf
malformation and reduction in fhiit yield(Davis et al., 2000). Host resistance is

currently the only reliable means of preventing PepMoV spread(Muhyi et al., 1994).

Due to the rapid acquisition times, insecticides are not an effective means of control as
aphids are not killed before virus transmission (Davis et al., 2000).

Tobacco Etch Virus

Symptoms caused by tobacco etch virus(TEV)on Capsicum spp. include leaf
curling, mild mottling and vein clearing without vein necrosis. Tobacco etch virus is
transmitted in a non-circulative manner by aphids and by overwintering in Solanaceous

weed hosts such as black nightshade {Solarium americanum Mill.) and ground cherry

{Physalispubescens L.)(Pemenzy et al., 1996). Common to North and South America,
TEV is able to infect over 120 plant species in 19 families(Brunt et al., 1996). The

highly aphid transmissible strain, TEV-HAT,containing the P-glucuronidase reporter

gene(TEV-GUS)was constructed by molecular cloning techniques(Dolja et al., 1992).
This advance has allowed scientists to view TEV viral replication sites and movement by
simple in situ histochemical assays.
11

RESISTANCE TO PLANT VIRUSES

Capsicum Resistance Genes to Potyviruses

Pepper potyvirus resistance loci, resistance sources, and spectrums of action were
summarized by Palloix and Kyle (1995). Resistance genes are italicized and referred to

as an upper case "P" for dominant and a lower case "p"for recessive. Superscripts
indicate more than one allele is present at a gene locus. Tobacco etch virus resistance

genes in pepper include the pvr\ gene from C. chinense plant introduction(PI) 159236
and PI 152225, in which plant resistance is due to the interference ofTEV-Califomia and

TEV-Florida viral replication at the cellular level. The pvr2^ confers resistance to TEV
(isolates not stated) also by the inhibition of viral replication at the cellular level (Palloix
and Kyle, 1995). The C. annuum cultivar 'Yolo Y' is a source ofthe recessive allele

pvr2\ which confers resistance to the PVY-0 pathotype by interfering with cell-to-cell

movement(Arroyo et al., 1996). Thepvr2^ locus found in C. annuum 'Florida VR2' and
'Dempsey' offers resistance to the PVY pathotypes 0 and 1 by interfering with
replication as demonstrated in protoplast experiments. The resistant line C. annuum
'Criollo de Morelos'(CM)334 is a source ofresistance to the PVY pathotypes, 0,1, and
1-2. Resistance in CM 334 is described as a monogenic system in which a single
dominant gene, FvrA, confers resistance to PepMoV and PVY pathotypes(Caranta and
Palloix, 1996). The recessive pvr5 locus identified from CM 334 confers resistance to

the PVY-0 pathotype. The dominant gene Pvrl identified from C chinense PI 259236
confers resistance to PVY 1,0, and 1-2 by the inhibition of viral movement out ofthe
initial inoculated leaf.
S"'
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Broad Spectrum and Isolate-Specific Resistance

Monogenic resistance displaying isolate-specific or broad-spectrum action has
been identified for potyviruses(Caranta et al., 1997). Isolate-specific resistance is
referred to as cultivar resistance due to the narrow range of protection. Cultivar

resistance was used to describe the pepper cultivar 'Dempsey', which displayed

resistance to TEV-HAT by the interference ofRNA replication. In cultivar resistance,
more virulent strains may break resistance. Broad-spectrum resistance refers to

protection against multiple plant virus isolates and is a result of either a pair of closely
linked genes or a single gene with pleiotropic effects(Caranta et al., 1997). The
mechanism of broad-spectrum resistance may occur by the recognition of highly

conserved potyvirus sequences by the host resistance gene, interruption of potyvirus
replication cycle by a host resistance gene product, or the lack of a host component

required for potyvirus replication (Caranta et al., 1997). Broad-spectrum resistance
exhibited by CM 334 to PVY pathotypes 1,0, and 1,2 was by operational immunity
(Dogimont et al., 1996).

Operational Immunity

Operational immunity, or pseudoimmunity is a resistance reaction in which weak

viral replication and lack ofsymptoms occurs(Palloix, 1992). Operational immimity
results from rapid blockage of virus infection by necrotic local lesions, characteristic of a
hypersensitive response reaction(Green and Kim, 1994). Operational immunity can
further be defined as the failure to support an increase in virus titer above that introduced
13

as inoculum. Necrotic or chlorotic local lesions are a result ofthe hypersensitive

response, a form of programmed cell death to prevent virus accumulation. In cases
where local lesions are absent, starch staining or heat shock treatments are employed to

detect invisible hypersensitive responses(Ponz, and Bruening, 1986).

Limited Systemic Spread

Limited systemic spread is a type ofresistance characterized by viral movement
in initial inoculated leaves and into the phloem without the invasion of meristematic
tissue. Virus localization can also be used to describe limited systemic spread. This type

of resistance reaction was demonstrated by Guerini and Murphy(1999) with PepMoV-

Florida(FL)and the C annuum cultivar 'Avelar'. Systemic movement ofPepMoV-FL in
Avelar plants occurred up to two intemodes above the inoculated leaf in which
movement was halted. The lack of viral movement beyond the two intemodes was

explained by the inability of the vims to enter the intemal phloem. Intemal and external
phloem are a characteristic of Solanaceous plants. In this study, it was proposed that
viral transport occurred from the initial inoculated leaf down to the crown of the plant via
the extemal phloem. An interaction by an unknown mechanism occurred in which the
vims was transported from the extemal phloem into the intemal phloem in which it was
then transported to the apical meristem.
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Cross Protection and Systemic Acquired Resistance

Cross-protection is a type ofsystemic acquired resistance(SAR)placed in the
"interference" category of resistant responses to plant viruses. In this case, a plant

predisposed to a less virulent strain is protected against more virulent strains. A review
by Ponz and Breuning(1986)summarizes theories of cross protection mechanisms. The
first hypothesis is the plant infected by a less virulent strain occupies host components
needed for the more virulent strain to replicate in the plant. The less virulent strain may

produce inhibitory substances that interfere with other virus strains as a means of
competition. Another theory is that the replicase ofthe primary infecting virus binds to

the RNA ofthe challenging virus, in which the incompatible match results in lack of
replication. Acquired resistance to plant viruses by cross protection may include
molecular communication signals that warn and protect the plant against more virulent
strains. This may involve the induction of defense proteins and chemicals produced by
plants in response to a foreign agent.
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CHAPTER!

EVALUATION OF RESISTANCE TO CAPSICUM ANNUUM'CRIOLLO DE
MORELOS LINES 8004 AND 8003 TO SEVERAL POTYVmUSES
METHODS AND MATERIALS
Introduction

Broad-spectrum resistance was reported by operational immunity in C. annuum
'Criollo de Morelos line 334' to the PVY pathotypes 0,1, and 1-2 and to a Texas isolate

ofPepMoV(Green and Kim, 1994; Dogimont et al., 1996). Through breeding methods at
the Department ofPlant Breeding at Cornell University, the selections 8003 and 8004

were generated. In this study, the basis of resistance displayed by CM 8003 and 8004 to
several potyvirus isolates was investigated. Whole-inoculated leaves were sampled to
determine if viral coat protein antigen could be detected. To detect movement of virus
from the initial inoculated leaf into the phloem,tissue print immunoblot analysis was
performed.

Evaluation ofCM 8003 and 8004
Challenge with Eight Potwiruses

Seeds of CM 8003, 8004 and C. annuum 'Rnaky'(RN) were obtained as a

generous gift from Dr. Molly K. Jahn of Cornell University. 'Rnaky', being susceptible
to all ofthe viruses, was used as a negative and positive control. Virus isolates were
maintained on Nicotiana tabacum L. cv. 'Judy's Pride,' Nicotiana benthamiana L. and

RN. All plants were grown in 10 cm-diameter clay pots treated with Physan 20(Maril
16

Products Inc., Tustin, CA)and sterilized by autoclaving. The soil-less potting mixture

Fafard No.4(Concord Fafard Inc., Agawam,MA)was used in the winter months and
Promix general purpose growing media(Premier Horticultural Inc., Red Hill,PA)was

used during the summer months. Plants were grown under normal greenhouse

conditions. Upon the development oftrue leaves, plants were fertilized with 2-6-6- slow
release fertilizer and treated with the systemic insecticide Marathon(Olympic

Horticultural Products, Mainland,PA). The following viruses were used: PVY-TNIOO,

an isolate from 'Burley' tobacco in Tennessee(Reddick, unpublished),PVY pathotypes
0, and 1-2 from Molly Jahn,PepMoV-CA from Merrit Nelson,PepMoV-Vl 182 from
Molly Jahn,the highly aphid transmissible strain TEV-HAT and the California isolate
TEV-CA from Bill Dougherty, and TEV-V49 from Molly Jahn. Infected tissue was
macerated with a mortar and pestle in 0.03 M Na2P04(pH 7.0)containing 0.05 % 2-

mercaptoethanol(Sigma, St. Louis, MO). Plants were mock inoculated with the buffer
and 2-mercaptoethanol without the addition of virus as a negative control. All chemicals
used hereafter were purchased from Sigma (St. Louis, MO)unless otherwise noted. Each
plant was dusted with 320-mesh carborundum and infective sap was mechanically
inoculated onto leaves using a cotton swab.

Whole-Inoculated LeafExperiment
The oldest set of true leaves were mechanically inoculated with a cotton swab at the 6 to

8 true leaf stage using infective sap tissue. Positive, mock,and experimental plants were
inoculated at the same age and time. Sets of 10 plants oflines 8003 and 8004, and F1
17
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progeny saved from 8004 named 8004-17 were used during each inoculation. For the

positive and negative controls, ten Rnaky plants(five plants for mock-inoculated controls
and five plants for positive controls) were used during each inoculation. Whole leaf
samples were taken at 7 and 14 days post inoculation (dpi)and stored at -80°C until all
sample sets were taken. Samples were macerated with a leaf grinder(Piedmont Machine
and Tool Co., Six Mile, SC)and diluted with 300 pi phosphate buffered saline(PBS-

Tween;0.02 M phosphate, 0.15 M NaCl,0.003 M KCL,pH 7.3, 0.05 % Tween 20). A
Protein A Sandwich-enzyme linked immunosorbant assay(PAS-ELISA)(Clark and
Adams, 1977) was completed in 96-well polystyrene microtiter plates. Plates were
washed with distilled water, coated(200 pl/well) with Protein A (1 pg/ml)in 0.05 M

sodium bicarbonate buffer(pH 9.6), and incubated for 2 hr at 30''C. The wells were
washed with PBS-Tween 3 times to remove any unbound Protein A and the appropriate

polyclonal antisera added [anti-TEV,(1:5000 in PBS-Tween); anti-PepMoV (1:2000 in
PBS-Tween); anti-PVY (1:5000 in PBS-Tween)]. The plates were incubated for 2 hr at
30°C, rinsed three times with PBS-Tween,and the samples were added (200 pi/ well)in

duplicate. After overnight incubation at 4°C,the wells were washed three times with
PBS-Tween and the appropriate antisera(1:2000 in PBS-Tween) were added. The plates
were incubated at 30°C for 2 hr and washed three times with PBS-Tween. Protein A -

alkaline phosphatase (0.4 pg/ml in PBS-Tween)was added, incubated for 2 hr at 30°C,
and washed 3 times with PBS-Tween. Substrate, p-nitrophenylphosphate dissolved in

diethylamine (per manufacturers instructions) was added to the plates and analyzed at
405nni absorbance using a 3550 Bio-Rad microplate reader(Bio-Rad, Hercules, CA)
18

based on colormetric changes in the wells. Positive(+)or negative(-)ratings were

assigned to the plants based on the absorbance reading. Plants were rated(+)if
absorbance values exceeded three times the negative control. The negative control value
was obtained from mock-inoculated leaves and the positive control values were obtained
from the susceptible cultivar Rnaky.

Tissue Print Immunoblot Assav

Leaves were inoculated as described above except that only one ofthe^ldest set

oftrue leaves was inoculated (Figure 1). A total of20 plants per line 8003, 8004, 8004-

17, and 'Rnaky' were used. Samples were taken at 7,14,21,28, and 35 dpi. Two plants
of each line were used each sampling period. Samples consisted of stem slices made in

duplicate from each intemode beginning from the crown ofthe plant ascending to the
apex. After 21 dpi, samples were taken in duplicate from the first three nodes and then
every other node to the apex of the plant(Figure 1). The stem slices were pressed onto
Gibco BRL (Life Technologies, Gaithersburg, MD)supported nitrocellulose. Tools
including razor blades and forceps were sterilized with a 10% bleach solution between
each cut. Nitrocellulose preparation was performed as per the protocol of Guerini and
Murphy(1999). Nitrocellulose was pretreated for 3 min in boiling distilled water,
transferred to 0.2 M CaC^ for 30 min, and dried on filter paper in a 36°C incubator.

Tissue print inununoblot assays were performed(Gwinn et al., 1991). A "sandwich" was
made starting with a thick glass plate on the bottom, filter paper, nitrocellulose, plant
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Figure 1. A Capsicum annuum plant showing the locations along the stem that were representative ofthe intemodes used for generating tissue print
immunoblots.

'Indicates the intemode directly below the inoculated leaf(I).
2 Indicates the intemode directly above the inoculated leaf.
^ Indicates two intemodes above the inoculated leaf.

* Indicates the uppermost intemode.

material, parafilm layer, and an additional glass plate. After all stem slices were blotted,
the nitrocellulose was dried in a 36®C incubator and stored at 4°C until developing.

The following steps were performed on a Model G2 Gyrotory shaker(Edison,

NJ). To detect the presence of viral coat protein in the stem presses, the nitrocellulose
membrane was blocked with IX Tris buffered saline(TBS [0.02 M Tris, pH 7.5,0.05 M

NaCl])containing 0.5% Carnation Dry Milk(TBS-CDM)for 12 hours at 4°C. The blot
was then transferred to 1:1000 dilution of antisera in TBS-CDM for 2 hr. The membrane
was rinsed 5 times for six minutes each in TBS-CDM. Protein A-alkaline phosphatase

conjugate (0.4 pg/ml in TBS-CDM)was incubated with the membrane for 2 hr with

gentle shaking, after which the membrane was washed with TBS-CDM three times for 6
min each. Fast Red TR/Napthol AS-MX Kit was used as a detection system. Fast Red
tablets were dissolved in 0.1 M Tris buffer. Excess TBS-CDM was removed from the

membrane by quickly submerging the membrane into distilled water. Depending on
developing times ofthe controls, the membrane was incubated in the Fast Red solution

up to 6 min; however most reactions occurred within 3 min. The reaction was stopped by
submerging the membrane in distilled water for 30 sec. The membrane was dried on
filter paper at 36°C.

RESULTS-EVALUATION OF PLANTS

Whole-Inoculated LeafExperiments
TEV-V49

In the first trial, detection of TEV coat protein was not observed at 7 or 14 dpi in
21
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line 8003(Table 1). One 8004 plant was rated positive at 7 dpi and a second plant was

rated positive at 14 dpi. Line 8004-17 had no positive values at 7 or 14 dpi. In the
second trial, TEV CP was not detected in line 8003, 8004, and 8004-17 at 7 or 14 dpi.

Systemic symptoms did not occur on 8003, 8004, or 8004-17 plants inoculated with any
ofthe TEV isolates tested up to 35 dpi.

TEV-HAT

In the first trial, positive values were not detected for line 8003, 8004, and 8004-

17 at 7 or 14 dpi(Table 2). In the second trial of line 8003,there was one positive value

at 14 dpi. Line 8004 plants were negative at 7 dpi, but had one positive reading at 14 dpi.
Line 8004-17 at 7 dpi lacked positive readings at 7 dpi. At 14 dpi, line 8004-17 had one
positive rated plant.

TEV-CA

Whole leaves inoculated with TEV-CA resulted in no detection of viral CP at 7 or

14 dpi for line 8003 in the first trial(Table 3). However,line 8004 that lacked positive
values at 7 dpi, had two positive plants at 14 dpi. Line 8004-17 lacked positive plants at
7 dpi and had two f)ositive plants at 14 dpi. In the second trial, one 8003 plant was rated

positive at 7 dpi. At 14 dpi, this plant maintained a positive value. Line 8004 lacked

plants with a pKJsitive value at 7 or 14 dpi. Line 8004-17 had one plant that rated positive
at 7 dpi and no positive plants at 14 dpi.
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Table 1. Detection of TEV-V49 coat protein antigen in whole inoculated leaves ofCM 8003, 8004, and
8004-17 at 7 and 14 dpi for two different trials.
Trial 1.

Detection ofTEV coat protein antigen*

Plant no.**

7 dpi

14 dpi 7 dpi

1

nd

2

nd

Rnaky'

8004-17

8004

8003

14 dpi 7 dpi

3

+

4

nd

14dpi

7 dpi

Mock

14 dpi 7 dpi

14 dpi

5
6

nd
nd

7
nd

8

9

nd

10

Trial 2.

Detection ofTEV coat protein antigen*

Plant no.**

7 dpi

8004-17

8004

8003

14 dpi 7 dpi

14 dpi

7 dpi

14dpi

Rnaky

7 dpi

Mock"

14 dpi 7 dpi

14 dpi

1
2

.

.

.

.

.

.

3
4

.
.

.
.

.
.

.
.

.
.

.
.

5

-

-

-

-

-

nd

6

.

.

.

.

.

.

7

.

.

.

.

.

.

8

.

.

.

.

.

.

9

.

.

.

.

.

.

10
® Data are represented to indicate detection(+)or lack of detection (-) ofTEV coat protein antigen at 7 and
14 days post-inoculation (dpi). Coat protein antigen was detected using protein A sandwich-enzyme linked
immunosorbant assay(PAS-ELISA)as described in Methods and Materials. Data were analyzed based on
the 405nm absorbance value. Values less than three times the negative control were rated (-).

'■ Whole inoculated leaves from 10 individual plants from each line were used for 7 and 14 dpi sampling.
Rnaky was used as the positive control plants and mock inoculated plants (Mock) were used as the

negative controls. Data was obtained from only one plant from each control at each sampling period.

"^No data was obtained at the specified sampling period.
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Table 2. Detection ofTEV-HAT coat protein antigen in whole inoculated leaves ofCM 8003, 8004, and
8004-17 at 7 and 14 dpi at two different trials.
Trial 1.

Plant no.*"
1
2

8003
7 dpi
14 dpi

Detection ofTEV coat protein antigen'
8004
8004-17
Rnaky"
7 dpi
14 dpi 7 dpi
14dpi 7 dpi
14 dpi
nd

nd

-

-

-

nd

nd

-

-

-

3

-

nd

4

-

-

5

-

nd

6

-

7

nd
nd

-

nd

nd

8

-

-

9

-

-

-

-

10

7 dpi

14 dpi

+

-

-

-

-

nd

+

Mock"

-

-

nd
nd

-

-

-

-

Trial 2.

Detection of TEV coat protein antigen'
8003
Plant no.

7 dpi

14 dpi

8004-17

8004

7 dpi

14 dpi

7 dpi

14dpi

Rnaky"
7 dpi
14 dpi

Mock

7 dpi

14 dpi

1

2
3
4
5
6
7
8
9
10

'
Data are represented to indicate detection(+)or lack of detection (-) ofTEV coat protein antigen at 7 and
14 days post-inoculation (dpi). Coat protein antigen was detected using protein a sandwich-enzyme linked
immunosorbant assay(PAS-ELISA)as described in Methods and Materials. Data were analyzed based on
the 405nm absorbance value. Values less than three times the negative control are rated (-).
Whole inoculated leaves from 10 individual plants from each line were used for 7 and 14 dpi sampling.
"Rnaky was used as the positive control plants and mock inoculated plants(Mock)were used as the

negative controls. Data was obtained from only one plant from each control at each sampling period.

"^No data was obtained at the specified sampling period.
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Table 3. Detection ofTEV-CA coat protein antigen in whole inoculated leaves ofCM 8003, 8004, and
8004-17 at 7 and 14 dpi at two different trials.
Trial 1.

Detection ofTEV coat protein antigen*
Plant no.

7 dpi

14 dpi 7 dpi

Rnaky

8004-17

8004

8003

14 dpi 7 dpi

14dpi

7 dpi

Mock

14 dpi 7 dpi

14 dpi

1
2

3
4
5
6
7
8

9

nd

10

Trial 2.

Detection of TEV coat protein antigen*
Plant no.

7 dpi

8004-17

8004

8003

14 dpi 7 dpi

1

+

+

2

-

-

14 dpi

7 dpi

14dpi

Rnaky"

7 dpi

Mock"

14 dpi 7 dpi

14 dpi

3
4

5
6
7
8
9
10

"Data are represented to indicate detection(+)or lack of detection (-) ofTEV coat protein antigen at 7 and
14 days post-inoculation (dpi). Coat protein antigen was detected using protein a sandwich-enzyme linked
immunosorbant assay(PAS-ELISA)as described in Methods and Materials. Data were analyzed based on
the 405nm absorbance value. Values less than three times the negative control are rated (-).
Whole inoculated leaves from 10 individual plants from each line were used for 7 and 14 dpi sampling.
"Rnaky was used as the positive control plants and mock inoculated plants(Mock)were used as the

negative controls. Data was obtained from only one plant from each control at each sampling period.

""No data was obtained at the specified sampling period.
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In both ofthe trials at 7 and 14 dpi no viral CP detection occurred in inoculated
leaves oflines 8003, 8004, and 8004-17. No systemic symptoms occurred on 8003,8004,
or 8004-17 inoculated plants up to 35 dpi.

PepMoV-VllSl

Systemic symptoms did not occur on line 8003, 8004, or 8004-17 plants
inoculated with PepMoV-Vl 182 up to 35 dpi. Line 8003 plants inoculated with

PepMoV-V 1182 resulted in detection of one of eight plants at 14 dpi only in the first
trial (Table 4). In the first trial, line 8004 plants lacked positive ratings at 7 dpi. At 14

dpi, five of the ten 8004 inoculated plants tested had positive absorbance readings. In the
first trial, line 8004-17 plants had five positive values at 7 dpi with three ofthe plants

maintaining positive values at 14 dpi. Two 8004-17 plants had positive readings at 14

dpi. In the second trial, no positive detection occurred at 7 or 14 dpi for line 8003 plants.
Line 8004 inoculated plants at 7 dpi, revealed no viral CP detection. However at 14 dpi,

five of ten plants in the second trial accumulated viral CP to detectable levels. In the
second trial, coat protein antigen of 8004-17 plants did not occur until 14 dpi with four
plants having positive values.
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Table 4. Detection ofPepMoV-V1182 coat protein antigen in whole inoculated leaves ofCM 8003, 8004,
1

and 8004-17 at 7 and 14 dpi for two different trials.
Trial 1.

1

Detection ofPepMoV coat protein antigen*
8004-17
Rnaky"+
8004
7
dpi
14dpi
7
dpi
14 dpi
14 dpi
14 dpi 7 dpi

8003

Plant no."*
1

7 dpi

+

.

Mock"
7 dpi
14 dpi

1

+

2
3

.

-

nd

4

5

.

6

-

9
10

+

+

+

+

+

-

-1-

+

-

+

+

-

+

1

-

nd

7
8

-

+

-

+

+

-

+

-

-

-

+

nd

-

-

-

-

Trial 2.

8003
Plant no.*'
1

7 dpi

Detection ofPepMoV coat protein antigen

8004

14 dpi 7 dpi

8004-17

14 dpi 7 dpi

14dpi

.

.

.

.

.

+

.

.

.

.

.

+

Rnaky"

7 dpi

Mock"

14 dpi 7 dpi

14 dpi

2

3
4

5
6
7

+

8
9

.
.

.
.

.
.

.
.

.
.

.
.

10

.

.

.

+

.

.

* Data are represented to indicate detection(+)or lack of detection (-) ofPepMoV coat protein antigen at 7
and 14 days post-inoculation (dpi). Coat protein antigen was detected using protein A sandwich-enzyme
linked immunosorbant assay(PAS-ELISA)as described in Methods and Materials. Data were analyzed
based on the 405nm absorbance value. Values less than three times the negative control were rated (-).
Whole inoculated leaves from 10 individual plants from each line were used for 7 and 14 dpi sampling.
"Rnaky was used as the positive control plants and mock inoculated plants(Mock)were used as the

negative controls. Data was obtained from only one plant from each control at each sampling period.
""No data was obtained at the specified sampling period.
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PeoMoV-CA

In the first trial, positive absorbance values were not observed in line 8003 plants
at 7 or 14 dpi(Table 5). Line 8004 had three positive plants at 7 dpi. At 14 dpi, one

plant maintained detectable levels of viral CP in the inoculated leaf. Line 8004-17 plants
had five positive inoculated leaves at 7 dpi with four ofthe plants maintaining detectable
amounts ofCP at 14 dpi and one plant with a positive value not seen at 7 dpi. In the
second trial, positive readings did not occur at 7 or 14 dpi in lines 8003 or 8004. Line
8004-17 had no positive plants at 7 dpi and two positive plants at 14 dpi.

Tissue Print Immunoblot Assay

Viral CP was not detected up to 35 dpi in the stems of 8003, 8004, or 8004-17 plants
inoculated with any ofthe TEV or PVY isolates. Similarly,PepMoV-Vl 182 was not

detected in the stem sections up to 35 dpi. However,PepMoV-CA was detected

throughout the stem in lines 8004 and 8004-17 at 35 dpi. Interestingly, line 8003 did not
support PepMoV-CA movement through the stem. Symptoms ofPepMoV-CA on lines
8004 and 8004-17 were not like symptoms typically caused by PepMoV on susceptible
plants. Symptoms recorded on 8004 and 8004-17 plants included vein necrosis and

stimting. To ensure that co-infection had not occurred, PAS-ELISA was performed on all

of the stock plants in which virus was maintained and on the infected lines. The infected
lines reacted only to PepMoV antisera. When back inoculated onto 8004,8004-17,
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Table 5. Detection ofPepMoV-CA coat protein antigen in whole inoculated leaves ofCM 8003, 8004, and
8004-17 at 7 and 14 dpi for two different trials.
Trial 1,

•1f 1I
8003

Plant no.*"
1
2
3
4

5
6

7 dpi

Detection ofPepMoV coat protein antigen*
8004
8004-17
Rnaky*

14 dpi

7
8
9
10

Trial 2.

7 dpi

7 dpi
+

14dpi
+

+

+

+

+

+

+

7 dpi

14 dpi

+

+

14 dpi 7 dpi

Mock®
7 dpi

14 dpi

-

+
+

Detection ofPepMoV coat protein antigen*
8004-17
Rnaky®
8004

8003

Plant no.

+1 +1t

7 dpi

14 dpi

14 dpi 7 dpi

14dpi

7 dpi

Mock®

14 dpi 7 dpi

14 dpi

1
2

.

.

.

.

.

3

-

-

-

-

-

.
+

4

.

.

.

.

.

.

5

.

.

.

.

.

.

6

.

.

.

.

.

.

7

.

.

.

.

.

.

g

.

.

.

.

.

+

9

.

.

.

.

.

.

10
'
Data are represented to indicate detection(+)or lack of detection (-) ofPepMoV coat protein antigen at 7
and 14 days post-inoculation (dpi). Coat protein antigen was detected using protein A sandwich-enzyme
linked immunosorbant assay(PAS-ELISA)as described in Methods and Materials. Data were analyzed
based on the 405nn,absorbance value. Values less than three times the negative control were rated (-).

'' Whole inoculated leaves from 10 individual plants from each line were used for 7 and 14 dpi sampling.

"Rnaky was used as the positive control plants and mock inoculated plants(Mock)were used as the

negative controls. Data was obtained from only one plant from each control at each sampling period.

""No data was obtained at the specified sampling period.
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and Rnaky plants, symptoms occurred on all ofthe inoculated plants by 21 dpi(data not
shown). ELISA confirmed the presence ofPepMoV CP at 21 dpi in these plants.

The locations from which tissue print immunoblots(TPl)are depicted in Figure 1

in Methods and Materials as described by Guerini and Murphy(1999). Based on tissue
print immimoblots ofCM 8003 inoculated plants with PepMoV-CA at 7(A 1-4), 14(Bl4), and 28(Cl-4)dpi (Figure 2),PepMoV-CA coat protein antigen was not detected up to

35 dpi(35 dpi data not shown). Detection ofthe antigen was evident in blots ofCM
8004 inoculated with PepMoV-CA at 7,14, and 28 dpi(Figure 3). Detection of
PepMoV-CA coat protein antigen began at 14 dpi and persisted up to 35 dpi(35 dpi data
not shown). CM 8004-17(data not shown)plants inoculated with PepMoV-CA had a
similar reaction as 8004 with positive detection in stem sections appearing at 14 dpi and
persisting up to 35 dpi. The susceptible 'Rnaky' plants inoculated with PepMoV-CA,
detection began at 7 dpi and persisted up to 35 dpi(Figure 4). In the Rnaky tissue prints,
at 14 dpi(Bl-3)only three nodes were present to take samples and the plants were
stunted.
DISCUSSION

Whole-LeafInoculation Experiments
Based on whole leaf inoculation data, line 8003, 8004, and 8004-17 plants

have either a mechanism oflimiting PVY and TEV viral replication, or prevent viral
movement through initial inoculated leaves. In order to determine the basis of resistance,

replication studies using protoplasts or an in situ histochemical assay would need to be

M
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Figure 2. Tissue print immunoblot analysis ofthe stem sections ofPepMoV-CA inoculated CM 8003 plants through time. Images
represent 7(Al-4), 14(Bl-4), and 28(Cl-4)dpi samples. Stem segments at the intemode directly below the inoculated leaf are shown
in coliunn 1, the intemode above the inoculated leaf in column 2,two intemodes above the inoculated leaf in column 3, and the

uppermost intemode in column 4. Arrows indicate artifacts from the developing process.
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Figure 3. Tissue print immunoblot analysis of the stem sections of PepMoV-CA inoculated CM 8004 plants through time. Images
represent 7 (AM), 14 (Bl-4), and 28 (Cl-4) dpi samples. Stem segments at the intemode directly below the inoculated leaf are shown
m column 1, the mtemode above the moculated leaf in column 2, two intemodes above the inoculated leaf in cloumn 3 and the

uppermost mtemode in column 4. Arrow indicates artifacts from the developing process.
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Figure 4. Tissue print immunoblot blot analysis of the stem sections of PepMoV-CA inoculated Rnaky plants through time.
Images represent 7 (Al-4), 14 (Bl-4), and 28 (CM) dpi samples. Stem segments at the intemode directly below the
inoculated leaf are shown in column 1, the intemode above the inoculated leaf in column 2, two intemodes above the

inoculated leaf in column 3, and the uppermost intemode in column 4. No sample was available in column B4 (nd).

employed. Pepper mottle mosaic virus isolates VI182 and CA were detected in 8004 and
8004-17 inoculated plants. Whole-inoculated leaves ofline 8003 plants typically lacked
CP accumulation inoculated leaves up to 14 dpi. Protoplast replication studies or an in

situ histochemical assay would also need to be performed on line 8003 plants with
extended screening up to 35 dpi. Detection ofPepMoV isolates in 8004 and 8004-17

occurred more frequently at 14 dpi, which suggests delayed movement could be a factor.

Basis ofTEV Resistance
Based on TPI data, CM lines 8003, 8004, and 8004-17 do not support movement

ofTEV into the vascular system. In addition, initial-leaf inoculation studies provide
evidence that the lines typically do not support TEV replication or cell to cell movement

up to 14 dpi. Delayed viral replication in the initial inoculated leaf studies may be a
factor. Another explanation could be the interference of viral replication at the single
cell level. In this case protoplast studies would need to be employed to determine this
mechanism. Resistance to the highly aphid transmissible strain oftobacco etch potyvirus

(TEV-HAT)displayed by C annuum cv.'Dempsey' was reported to occur by inhibition
of viral RNA accumulation(Deom et al., 1997). Protoplasts isolated from each cultivar
and inoculated with TEV-HAT revealed that TEV-HAT viral coat protein was absent in

'Dempsey' plants and present in the susceptible 'Jupiter' plants. This study provided
evidence that TEV-HAT is unable to replicate in the cells of'Dempsey' plants. The
mechanism of resistance may be explained by a host product that interferes with virus-

particle formation or inhibition of a functional viral gene product needed for the virus to
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replicate(Deom et al., 1997). The resistance reaction in this study was termed 'cultivar
resistance'.

Another explanation for the basis of resistance of 8003, 8004, and 8004-17 to
TEV isolates is interference with long distance movement. This type ofinterference may

occur at the point of exit or entry into the sieve elements. In the tobacco cultivar V20,

long distance movement ofTEV is suppressed. The inability ofTEV to move into the
vascular system is by recessive alleles at two non-linked loci(Carrington et al., 1996).
Although the mechanism of action displayed by the recessive genes is not known,

researchers suspect that either a host-virus interaction occurs to prevent entrance into the
sieve elements or that the genes elicit a pathogen defense response(Camngton et al.,
1996).

The inability to detect TEV coat protein antigen in the vascular system and initial
inoculated leaves of lines 8003,8004 and 8004-17 suggests that TEV replication or cellto-cell movement is inhibited at the cellular level or that virus replication occurs in such

a slow manner that age resistance is a factor. It is possible that by the time TEV virions

reach a high enough level to move successfully through the mesophyll cells, host
defenses are activated to prevent successful movement.

Basis ofPVY Resistance

Viral CP was not detected in stem sections or whole-inoculated leaves in the PVY

studies. The TPI and ELISA data support that PVY is either unable to replicate at levels

to be detected by ELISA or that replication in the leaf occurs at a very slow rate where
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age resistance is a factor. To determine ifimmunity is the mechanism ofresistance,
protoplast analysis would need to be performed.

The parent oflines 8004 and 8003,CM 334, has been characterized as resistant to

PVY pathotypes by rapid blockage of virus infection associated with the hypersensitive

response. In addition, the dominant gene,PvrA (Cy-l),and the recessive gene,pvr2'(cy1)confer resistance in CM 334. 'Criollo de Morelos 334' also has shown resistance to
PepMoV (isolates not known). The Pvr4 locus has been reported to control resistance to
all the PVY pathotypes: PVY-0,PVY-1,and PVY-1,2(Caranta et al., 1999). Although
the PVY-1 pathotype was not used in this study, the reaction ofPVY challenge
inoculated CM 8003, 8004,and 8004-17 plants appears to operated in a similar manner
as CM 334. In the case of lines 8003, 8004, and 8004-17, local necrotic lesions typically

associated with the hypersensitive response(HR)were not visible as reported for CM
334.

Basis ofPepMoVResistance

PepMoV-CA was able to break resistance in lines 8004 and 8004-17, but not 8003.
Possible explanations for this pattern are gene segregation or plant to plant variability. A
drawback of the tissue print immunoblot technique is that new plants are dissected every

sampling period, perhaps revealing plant to plant variation within the line. To ensure
that cross contamination was not a factor, infected plants were tested by ELISA against

CMV,TEV,PepMoV,and PVY antisera. The infected plants only reacted to the
PepMoV antiserum. In addition, symptoms on the 8004 line of infected plants were
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similar to symptoms caused by PVY,including severe stunting and vein necrosis. The
typical mottling symptoms caused by PepMoV were observed on Rnaky, however
different symptoms were observed on 8004 and 8004-17. No symptoms were observed
on 8003. The selection of a more virulent strain is possible; however,the typical

mottling symptoms ofPepMoV were present on the susceptible Rnaky cultivar.
The pattern ofPepMoV-CA movement in susceptible plants occurred first in the
intemode below the inoculated leaf. This type oftransport has been reported for

potyviruses(Guerini and Murphy, 1999; Adrianifahanana et al., 1997). The virus is
translocated from the inoculated leafto the base ofthe plant in which it is transported to
the apical meristem in a phloem dependent manner.

The reported 'complete resistance' ofCM 334 to PepMoV isolates was not the
case for CM 8004 and 8004-17. Viral coat protein antigen was detected up to 50% of

the time in both trials at 14 dpi. In addition, tissue print immunoblot detection occurred

throughout 8004 and 8004-17 plants up to 35 dpi. Possible explanations include higher
inoculum concentration, use of a more virulent isolate ofPepMoV,or viral sequences in

the PepMoV-CA genome that are not detected by the plant to induce defense
mechanisms.

'4
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SUMMARY

In greenhouse experiments lines 8003,8004, and 8004-17 offered a great deal of
resistance to several potyviruses. These lines should tested against other viral groups that

are also a problem in Tennessee, such as tomato spotted wilt virus and cucumber mosaic
virus. This study has provided evidence for the broad-spectrum resistance of'Criollo de
Morelos' lines 8003 and 8004 to potyviruses. This is the first report ofthe basis and
characterization ofresistance exhibited by these lines. To further define the basis of

resistance to the potyvirus isolates, protoplast studies should be employed to determine if
resistance is due to the inability of viral replication in initial inoculated cells or
movement into the sieve elements. Also, prolonged screenings of inoculated leaves need

to be performed to determine if viral replication is delayed and age resistance is involved.

.
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